2-Deoxy-D-glucose (2DG) acted as a competitive inhibitor of the synthesis of cell wall components in Saccharomyces cerevisiae protoplasts. The synthesis of fibrillar glucan cell wall component was inhibited at a glucose to 2DG ratio of 4:1 in the cultivating medium. The completion of the formation of cell wall by the synthesis of the amorphous mannan-protein cell wall component was inhibited at a glucose to 2DG ratio of about 20:1. The inhibition could be reversed by increasing the glucose to 2DG ratio in the nutrient medium. No incorporation of 2DG into fibrillar glucan cell wall component was observed.
2-Deoxy-D-glucose (2DG) acted as a competitive inhibitor of the synthesis of cell wall components in Saccharomyces cerevisiae protoplasts. The synthesis of fibrillar glucan cell wall component was inhibited at a glucose to 2DG ratio of 4:1 in the cultivating medium. The completion of the formation of cell wall by the synthesis of the amorphous mannan-protein cell wall component was inhibited at a glucose to 2DG ratio of about 20:1. The inhibition could be reversed by increasing the glucose to 2DG ratio in the nutrient medium. No incorporation of 2DG into fibrillar glucan cell wall component was observed.
2-Deoxy-D-glucose (2DG) is known as a strong inhibitor of metabolism and growth in cells of diverse origin (1, 3, 5, 14) . With yeast cells, 2DG seems to interfere primarily with the processes connected with cell wall synthesis (5, 6, 8) .
Yeast protoplasts are a very suitable model system for the study of the inhibitory effect of 2DG on the formation of cell wall components. The protoplasts may regenerate into new yeast cells, forming a complete cell wall de novo when cultivated in a medium with a high concentration of gelatin (9) . When cultivating the protoplasts in a liquid, osmotically stabilized medium containing glucose, a fibrillar network composed mainly of glucan (Svoboda and Ne6as, International Symposium on Yeast Protoplasts, 2nd, Brno, 1968 ) is formed on their surface (2, 10) . The process of cell wall regeneration may be investigated by means of phase-contrast and electron microscopy.
The results presented in this paper give experimental evidence of the inhibitory effect of 2DG on the synthesis of yeast cell wall components in regenerating yeast protoplasts.
MATERIALS AND METHODS
Saccharomyces cerevisiae strain C-7, obtained from VULKP Prague, was grown in the wort medium, 12°Balling, at pH 5.4. The protoplasts were prepared by treating log-phase cells with snail gut juice from Helix pomatia in a nonbuffered medium containing 1 M MgSO4 as an osmotic stabilizer (4 Cultivation of the protoplasts in 30% gelatin. Regeneration of cell wall by yeast protoplasts as a function of the ratio of glucose to 2DG in the medium was investigated. Gelatin media were prepared by adding gelatin (Difco) to the appropriate liquid nutrient medium.
After being washed with 1 M MgSO4, the protoplasts were embedded in the gelatin media and cultivated at 22 C for 16 to 24 hr. The gelatin was then dissolved in water at 37 C, and liberated "cells" were prepared for electron microscopy as described above.
The specimens were shadowed with platinum and were examined with a Tesla table electron microscope, type BS 242 A.
RESULTS
As was already mentioned, during cultivation of yeast protoplasts in a liquid, osmotically stabilized medium containing glucose, a fibrillar glucan network was formed on their surface (Fig. 1 ). When 2DG, in addition to glucose, was present in the cultivating medium, considerably less fibrillar glucan was synthesized. The extent of this inhibition apparently depended only on the glucose to 2DG ratio in the nutrient medium. The inhibitory effect of 2DG on the synthesis of the fibrillar glucan network was observed at a glucose to 2DG ratio of 4:1 in the nutrient medium. The fibrils formed on the surface of protoplasts cultivated in such a medium were less dense and less extensive than those formed in control experiments (Fig. 2) . When the glucose to 2DG ratio was 2:1 or lower, the synthesis of the fibrillar network was totally blocked (Fig. 3) . Moreover, the protoplasts did not grow in such a medium, but survived more than 24 hr.
By transferring the protoplasts cultivated in the medium containing 2DG into medium containing glucose only, or simply by increasing the glucose to 2DG ratio in the cultivating medium to greater than 4:1, the synthesis of the fibrillar network was renewed completely, even after 24 hr of cultivation of the protoplasts in the medium with 2DG. No 2D0 could be detected, either chromatographically (13) or by the thiobarbituric acid assay (12) of the hydrolysate of the fibrils formed on the surface of the protoplasts cultivated in liquid media containing 2DG in addition to glucose or mannose.
Complete regeneration of cell walls by the protoplasts could be achieved by cultivating them in the presence of glucose in highly concentrated gelatin (9) . Smooth-surfaced membranes, with an inner structure very similar to that of the normal cell wall, were formed on the surface of the protoplasts (Fig. 4) . When the gelatin media contained 2DG as well as glucose, regeneration of normal cell wall was inhibited at a glucose to 2DG ratio of about 20:1. The membranes formed on the surface of the protoplasts cultivated in such a medium were of variable thickness and had an apparently fibrillar texture. Amorphous mannanprotein material, which masks the fibrillar glucan groundwork in the normal cell wall, was formed incompletely (Fig. 5) . However, regenerated "cells" remained osmotically sensitive.
The formation of the mannan-protein matrix material was almost completely blocked at a glucose to 2DG ratio of 4:1. Only a very fine fibrillar network was formed on the surface of the protoplasts in this case (Fig. 6) .
At a glucose to 2DG ratio lower than 2:1, the formation of the cell wall was completely blocked, with no fibrillar network being formed. No signs of the forming cell wall could be observed on the surface of the protoplasts. When glucose was replaced by mannose in similar experiments, the results, from a morphological point of view, were the same. Addition of mannose to the media containing glucose and 2DG gave results corresponding to a final ratio of the concentrations of glucose plus mannose to 2DG.
DISCUSSION
Comparison of the effect of 2DG on yeast growth with that on fermentation showed that 2DG was a much more potent inhibitor of yeast growth than of yeast fermentation (5, 14) . The selective killing of growing cells by 2DG (6, 8) indicates that 2DG or its metabolites primarily attack the processes involved in cell wall synthesis. The action of 2DG has been found to cause both lysis of yeast cells at the sites of extensive cell wall synthesis (6, 9) and dissolution of cell wall glucans (7) .
The results presented here give experimental evidence for the inhibitory effect of 2DG on the synthesis of cell wall components.
However, the mechanism of this inhibition remains unexplained. According to Heredia et al. (5) , trapping of uridine nucleotides by phosphorylated derivatives of 2DG seems to be the main cause of inhibition of cell wall synthesis, whereas Johnson (6) considered it to be the result of the greater accumulation of uridine diphosphate-2DG which might interfere in the synthesis of cell wall glucans. The inhibition of glucan and mannan-protein synthesis by 2DG which we observed suggests that the final effect of 2DG on cell wall synthesis may be a cumulative result of several individual effects at different steps of glucose utilization.
The fact that the inhibitory effect of 2DG on cell wall synthesis did not depend on its absolute concentration, but only on the glucose to 2DG ratio in the cultivating medium, indicates the competitive nature of this inhibition.
From the protoplast cultivation in 30% gelatin, it seems that 2DG inhibits the synthesis of the mannan-protein cell wall component to a greater extent than the glucan synthesis or interferes in some way with its binding to the glucan fibrillar groundwork. The resulting inhibition of cell wall completion appears to be more effective than the inhibition of formation of glucan fibrils only.
Blocking of cell wall completion by 2DG is probably one of the reasons why the protoplasts did not regenerate in 30% gelatin. It is known from earlier studies (11) that formation of a complete new cell wall on the surface of the protoplasts is one of the decisive factors for the restoration of morphogenesis.
The fact that the protoplasts failed to grow and did not lyse spontaneously, but remained viable for a relatively long period of time in the cultivating medium containing 2DG, indicates that the inhibitory effect of 2DG or its metabolites affects the cell metabolism as a whole. Moreover, 
